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Abstract

Insights into mechanisms governing resolution of inflammatory pain are of great importance for

many chronic pain–associated diseases. Here we investigate the role of macrophages/monocytes

and the anti-inflammatory cytokine interleukin-10 (IL-10) in the resolution of transient

inflammatory pain. Depletion of mice from peripheral monocytes/macrophages delayed resolution

of intraplantar IL-1β- and carrageenan-induced inflammatory hyperalgesia from 1 to 3 days to >1

week. Intrathecal administration of a neutralizing IL-10 antibody also markedly delayed resolution

of IL-1β- and carrageenan-induced inflammatory hyperalgesia. Recently, we showed that IL-1β-

and carrageenan-induced hyperalgesia is significantly prolonged in LysM-GRK2+/− mice, which

have reduced levels of G-protein-coupled receptor kinase 2 (GRK2) in LysM+ myeloid cells. Here

we show that adoptive transfer of wild-type, but not of GRK2+/−, bone marrow-derived monocytes

normalizes the resolution of IL-1β-induced hyperalgesia in LysM-GRK2+/− mice. Adoptive

transfer of IL-10−/− bone marrow-derived monocytes failed to normalize the duration of IL-1β-

induced hyperalgesia in LysM-GRK2+/− mice. Mechanistically, we show that GRK2+/−

macrophages produce less IL-10 in vitro. In addition, intrathecal IL-10 administration attenuated

IL-1β-induced hyperalgesia in LysM-GRK2+/− mice, whereas it had no effect in wild-type mice.

Our data uncover a key role for monocytes/macrophages in promoting resolution of inflammatory

hyperalgesia via a mechanism dependent on IL-10 signaling in dorsal root ganglia.
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Perspective—We show that IL-10-producing monocytes/macrophages promote resolution of

transient inflammatory hyperalgesia. Additionally, we show that reduced monocyte/macrophage

GRK2 impairs resolution of hyperalgesia and reduces IL-10 production. We propose that low

GRK2 expression and/or impaired IL-10 production by monocytes/macrophages represent

peripheral biomarkers for the risk of developing chronic pain after inflammation.
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According to a recent study by the Institute of Medicine, more than 100 million Americans

suffer from chronic pain.14 One of the limitations for development of novel interventions

identified in this report is the limited understanding of the neurobiological pathways leading

to transition from acute to chronic pain.

Studies in rodents have revealed that spinal cord microglia, the resident macrophages of the

central nervous system, play an important role in the development of chronic pain in models

of nerve damage–induced neuropathic pain, diabetic neuropathy, and chronic inflammatory

pain.3,6,27,32,40,45 In addition, it has been hypothesized that infiltration of peripheral

macrophages into the spinal cord enhances the hyperalgesia in models of chronic pain.7 A

common finding is that proinflammatory cytokines released by activated spinal cord

microglia and/or infiltrating macrophages contribute to chronic hyperalgesia, which is a

hallmark of these animal models of chronic pain.5,27,35 Several studies have shown that

inhibition of spinal cord proinflammatory cytokine activity or an increase in anti-

inflammatory cytokines reduces hyperalgesia in models of chronic pain. In particular,

chronic administration of the anti-inflammatory cytokine interleukin-10 (IL-10) has been

shown to reduce hyperalgesia in models of neuropathic pain.16,19,25 However, the role of

peripheral monocytes/macrophages and IL-10 in spontaneous resolution of transient

inflammatory hyperalgesia has yet to be unraveled.

We recently showed that mice with a cell-specific 50% reduction of G-protein-coupled

receptor kinase 2 (GRK2) in lysozyme (Lys)M-positive macrophages/microglia develop

markedly prolonged hyperalgesia in response to an intraplantar injection of the cytokine

IL-1β, the chemokine CC-chemokine ligand 3 (CCL3), or the inflammatory agent

carrageenan. For example, thermal hyperalgesia and mechanical allodynia induced by a

single intraplantar injection of the proinflammatory cytokine IL-1β resolves within 1 day in

wild-type (WT) mice, but lasts at least 8 days in LysM-GRK2+/− mice.42,43 Intrathecal (i.t.)

administration of the microglial/macrophage inhibitor minocycline reversed this

prolongation of hyperalgesia in LysM-GRK2+/− mice, indicating a contribution of spinal

cord and/or dorsal root ganglion (DRG) microglia/macrophages in the transition to persistent

hyperalgesia.8,42 The pathophysiological relevance of a reduced level of GRK2 in microglia/

macrophages is exemplified by our recent findings that spinal cord microglia/macrophage

GRK2 levels are reduced by approximately 40% during chronic inflammatory hyperalgesia

and neuropathic pain in WT mice.8,42 In addition, in patients with the painful chronic

inflammatory disease rheumatoid arthritis, the level of GRK2 in circulating mononuclear

cells is reduced by 40 to 60%.18
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Here we investigated the contribution of peripheral monocyte/macrophages in regulating

transient inflammatory hyperalgesia using depletion and adoptive transfer strategies on

inflammatory hyperalgesia in WT mice. In addition, we investigated the role of peripheral

macrophages/monocytes and the anti-inflammatory cytokine IL-10 in the delayed resolution

of inflammatory hyperalgesia in LysM-GRK2+/− mice.

Methods

Animals

We used female (aged 10–14 weeks) WT C57BL/6 mice or C57BL/6 mice (Harlan, Horst,

The Netherlands) with cell-specific reduction of GRK2 in LysM-positive cells (LysM-

GRK2+/−).8,43 For adoptive transfer experiments, WT and GRK2-deficient green fluorescent

protein (GFP)-positive bone marrow-derived monocytes (BMDM) were obtained by

breeding GRK2+/− mice with CX3CR1gfp/gfp mice (Jackson Laboratories, Bar Harbor, ME).

In addition, BMDM from IL-10−/− mice (Jackson Laboratories) were used. Experiments

were performed in accordance with international guidelines and approved by the

institutional experimental animal committees.

Mice received an intraplantar injection in the hind paw of 5 μL recombinant murine IL-1β

(200 ng/mL in saline; PeproTech, Rocky Hill, NJ) or 5 μL λ-carrageenan (1% w/v; Sigma-

Aldrich, St. Louis, MO).8,43 Heat withdrawal latency times were determined using the

Hargreaves test (IITC Life Science, Woodland Hills, CA).10 Mechanical thresholds were

determined using the von Frey test with the up-and-down method, as we described.8,43 All

experiments were performed by an experimenter (N.E. or H.W.) blinded to genotype and

treatment.

Drug Administration

I.t. injections (5 μL) with goat anti-mouse IL-10 (10 μg in phosphate-buffered saline [PBS];

Sigma-Aldrich), normal goat immunoglobulin G (IgG) (10 μg in PBS; R&D systems,

Minneapolis, MN), or human recombinant IL-10 (.5 μg in PBS; Sigma-Aldrich) were

performed under light isoflurane anaesthesia as described previously.8

Cell Depletion

Mice received intraperitoneal injections with 100 μL anti-CCR2 (MC21; .2 μg/μL20) or

IgG2b control (BD Biosciences, Franklin Lakes, NJ) at 24 hours and .5 hours before and 10

hours after intraplantar IL-1β or 24 hours and .5 hours before and 24 hours after intraplantar

carrageenan. Alternatively, mice received intravenous (i.v.) injections with 200 μL (7

mg/mL) clodronate-liposomes37 or PBS-liposomes at 24 hours and .5 hours before

intraplantar IL-1β.

Adoptive Transfer

BMDM were isolated as described recently.36 Following Ficoll (GE Healthcare, Pittsburgh,

PA) density gradient centrifugation of bone marrow from femora and tibiae, CD115+

monocytes were isolated with biotin labeled anti-CD115 antibodies and streptavidin-coupled

magnetic beads following the manufacturer’s instructions (Miltenyi Biotec, San Diego, CA).
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IL10−/−, WT-CX3CR1gfp/+, or GRK2+/−-CX3CR1gfp/+ BMDM were i.v. injected (3.5 − 106

cells per mouse) or i.t. injected (15,000 cells per mouse). For some experiments, BMDM

were labeled with 5 μM carboxyfluorescein succinimidyl ester (Sigma-Aldrich) according to

the manufacturer’s instructions.

Flow Cytometry

BMDM, blood leukocytes, and cells isolated from the peritoneum were stained with anti-

CD115 (eBioscience, San Diego, CA), anti-CCR2 (R&D systems), and anti-CD45. Cells

were analyzed on a FACSCanto II flow cytometer using FacsDiva software (BD

Biosciences).

In Vitro Culture

Peritoneal macrophages were collected from the peritoneal cavity of naive mice by washing

with 3 mL RPMI- 1640. Cells were cultured (.2 − 106 cells per well) in RPMI-1640 with

10% fetal calf serum, 2 mM glutamine, and 50 μM β-mercaptoethanol (all Gibco; Life

Technologies, Carlsbad, CA) and stimulated with 10 ng/mL lipopolysaccharide (LPS)

(Sigma-Aldrich) for 18 hours (RNA) or 24 hours (protein). IL-10 and TNF-α concentration

in the supernatant was determined with enzyme-linked immunosorbent assay (U-CyTech,

Utrecht, The Netherlands). To determine IL-1β with enzyme-linked immunosorbent assay

(BD OpTEIA; BD Biosciences), cultured cells were exposed for 60 minutes to 3 mM

adenosine triphosphate to induce IL-1β secretion.

Immunohistochemistry

Spinal cord and DRG were post-fixed in 4% paraformaldehyde and cryoprotected in

sucrose. Cryosections (10-μm) of lumbar DRG and of lumbar segments L2–L5 were stained.

We used 1:500 rat antimouse CD16/32 (BD Bioscience) or 1:500 rabbit anti-Iba- 1 (Wako

Pure Chemical Industries, Richmond, VA), 1:100 rabbit anti-GFP (GeneTex, San Antonio,

TX), and 1:200 rat anti-CD45 (BD Bioscience), followed by alexafluor 488-conjugated

streptavidin or alexafluor 488- or 594-conjugated secondary antibodies. Photographs were

taken with a Zeiss Axio Observer microscope (Zeiss, Oberkochen, Germany).

Microglia/Macrophage Isolation

Microglia were isolated from brains and spinal cord by Percoll (GE Healthcare) density

gradient centrifugation as described previously.43 Macrophages were collected from the

peritoneal cavity of naive mice by washing with 3 mL RPMI-1640 (Gibco). CD11b+

macrophages were isolated from peritoneal lavage of naive mice followed by magnetic

beads separation according to the manufacturer’s instructions (BD IMag). GRK2 protein

levels in microglia and peritoneal macrophages were determined by Western blot as

described previously.42 GRK2 mRNA levels in spinal cord microglia were analyzed by real-

time reverse transcriptase polymerase chain reaction.

Real-Time Reverse Transcriptase Polymerase Chain Reaction

Total RNA from freshly isolated microglia was isolated using RNeasy mini kit (Qiagen,

Valencia, CA). Total RNA from paw biopsies was isolated with Trizol, and cDNA was
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synthesized using Superscript Reverse Transcriptase (Invitrogen, Carlsbad, CA).

Quantitative real-time polymerase chain reaction was performed with an I-cycler iQ5 (Bio-

Rad, Hercules, CA) using the following primers: GRK2 forward:

CgggACTTCTgCCTgAACCATCTg, reverse: CTCggCTgCggACCACACg; CX3CR1

forward: TgTCCA CCTCCTTCCCTgAA, reverse: TCgCCCAAATAACAggCC; IL- 1β

forward: CAACCAACAAgTgATATTCTCCATg, reverse:

gATCCACACTCTCCAgCTgCA; TNF-α forward: gCggTg CCTATgTCTCAg, reverse:

gCCATTTgggAACTTCTCATC; and IL-10 forward: gCACCCACTTCCCAgTCg, reverse:

gCATTAAggAgTCggTTAgCAg. Data were normalized for GAPDH and β-actin

expression. GAPDH forward: TgAAg- CAggCATCTgAggg, reverse:

CgAAggTggAAgAgTgggAg; Actin forward: AgAgggAAATCgTgCgTgAC, reverse:

CAATAgTgATgACCTggCCgT.

Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM) and were analyzed using

Student’s t-test or 2-way analysis of variance with Bonferroni post hoc tests.

Results

Effect of Peripheral Monocyte/Macrophage Depletion

To investigate the contribution of peripheral monocytes/macrophages to the course of

inflammatory hyperalgesia, we utilized 2 different monocyte/macrophage depletion

strategies. First, we administered anti-CCR2 (MC21) monoclonal antibody intraperitoneally

at 24 hours and 30 minutes before and 10 hours after intraplantar IL-1β. The anti-CCR2

antibody MC21 is well known to specifically deplete Ly6C+(GR1+)CCR2+ monocytes by an

antibody-dependent cellular cytotoxicity– mediated mechanism, whereas granulocyte

numbers remain unchanged after MC21 treatment.13,23,36 As depicted in Fig 1A, anti-CCR2

treatment prolonged IL-1β-induced thermal hyperalgesia to at least 13 days (Fig 1A). In

mice treated with control IgG, IL-1β-induced hyperalgesia resolved within 24 hours, which

is consistent with our earlier findings in mice receiving intraplantar IL-1β only.8,42 Baseline

thermal sensitivity was not affected by antibody injections (decrease in heat withdrawal

latency; control IgG: 7.66 ± .15; MC21: 7.88 ± .17, n = 4 per group). Flow cytometric

analysis of peritoneal lavage and peripheral blood confirmed monocyte/macrophage

depletion in anti-CCR2-treated mice at 24 hours after intraplantar IL-1β (Fig 1B).

In a second set of experiments mice received i.v. injections of clodronate-liposomes at 24

hours and 30 minutes before intraplantar IL-1β. Clodronate-liposomes are known to deplete

peritoneal macrophages/monocyte without affecting microglial numbers.30,34,37 Clodronate-

mediated depletion of peripheral monocytes/macrophages prolonged the hyperalgesic

response to intraplantar IL-1β injection with 2 days (Fig 1C). Baseline sensitivity was not

affected by clodronate treatment (decrease in heat withdrawal latency; PBS liposomes: 7.99

± .44; clodronate liposomes: 8.32 ± .15, n = 8 per group). Flow cytometric analysis of

peripheral blood obtained 24 hours after the first clodronate-liposome injection (at the time

of IL-1β injection) confirmed monocyte/macrophage depletion (Supplementary Figure 1).
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To test if peripheral monocytes/macrophages also control resolution of hyperalgesia in the

carrageenan model of transient inflammatory hyperalgesia, peripheral monocyte/

macrophages were depleted by administering anti-CCR2 antibody at 24 hours and .5 hours

before and 24 hours after a single intraplantar injection of 1% carrageenan. The results in

Figs 2A and 2B show that monocyte/macrophage depletion delayed resolution of

carrageenan-induced thermal and mechanical hyperalgesia from 2 days in IgG-treated

control mice to at least 4 days in anti-CCR2-treated mice (Figs 2A and 2B). At day 4, spinal

cords were analyzed to determine whether anti-CCR2 treatment alters carrageenan-induced

microglia activation. The results in Fig 2C show that MC21 treatment significantly increased

spinal cord dorsal horn Iba-1 expression after intraplantar carrageenan injection in WT mice.

At day 4, paw mRNA expression of IL-1β and CX3CR1 (as a measure of monocytes/

macrophages) in anti-CCR2-treated mice was indistinguishable from mice that had received

control IgG (Fig 2D). Tumor necrosis factor (TNF)-α and IL-10 mRNA production was

undetectable in both groups. Collectively, these findings indicate that monocyte depletion

did not prolong local inflammation in the paw.

Role of IL-10 in the Regulation of IL-1βand Carrageenan-Induced Hyperalgesia

Next we tested the hypothesis that IL-10 at the level of the DRG and/or spinal cord plays an

important role in the resolution of inflammatory hyperalgesia. I.t. injection of a neutralizing

anti-IL-10 antibody significantly delayed resolution of IL1β-induced hyperalgesia to at least

7 days. In mice treated with control IgG, IL-1β-induced hyperalgesia resolved within 24

hours (Fig 3A). Similarly, carrageenan-induced thermal hyperalgesia resolved within 2 to 3

days in control IgG-treated mice, but lasted for 7 days in mice treated with i.t. anti-IL10 (Fig

3B). To control for the possibility that part of the effect of i.t. anti-IL-10 treatment is exerted

in the paw by anti-IL-10 reaching the periphery, we applied the same dose of anti-IL-10 or

control IgG intraplantarly. The data in Supplementary Figure 2 demonstrate that the severity

or time course of IL-1β-induced hyperalgesia was indistinguishable between mice treated

with intraplantar IgG- and those treated with anti-IL10.

Adoptive Transfer of WT BMDM to LysM-GRK2+/− Mice

The findings in Figs 1 and 2 indicate that peripheral monocytes/macrophages are key to

preventing the transition from acute to persistent inflammatory hyperalgesia. We previously

described that mice with reduced GRK2 levels in LysM+ myeloid cells (LysMGRK2 +/−)

develop persistent hyperalgesia after intraplantar IL-1β or carrageenan.8,42,43 Supporting our

hypothesis that GRK2 deficiency in peripheral monocytes/macrophages is key to the

prolongation of hyperalgesia in LysM-GRK2+/− mice, the data in Supplementary Figure 3

show that GRK2 protein levels are reduced by −50% in macrophages of these mice, whereas

GRK2 protein or mRNA levels did not differ between naive freshly isolated microglia from

WT and LysM-GRK2+/− mice. In addition, spinal cord microglial GRK2 mRNA levels were

not decreased 24 hours after intraplantar IL-1β (Supplementary Figure 4A), and GRK2

mRNA expression levels did not differ between microglia from WT and LysMGRK2 +/−

mice 24 hours after intraplantar IL-1β, indicating that the LysM promotor is not activated at

this time point (Supplementary Figure 4B). To determine the contribution of the GRK2-

deficient peripheral monocytes/macrophages to the marked prolongation of hyperalgesia in

the LysM-GRK2+/− mouse model, we adoptively transferred WT BMDM to LysM GRK2+/−
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mice. LysM-GRK2+/− mice were injected i.v. with 3.5 − 106 WT BMDM (based on36) 10

minutes prior to intraplantar IL-1β injection. Transfer of WT BMDM to LysM-GRK2+/−

mice completely prevented the development of persistent IL-1β hyperalgesia and led to

resolution of IL-1β hyperalgesia in LysMGRK2 +/− mice within a time frame similar to that

observed in WT mice (Figs 1A vs 4A). Transfer of GRK2-deficient BMDM to LysM-

GRK2+/− did not have any effect on IL-1β-induced hyperalgesia (Fig 4B). Transfer of WT

BMDM to WT mice prior to intraplantar IL-1β did not affect the spontaneous resolution of

hyperalgesia in these mice (Fig 4C). Flow cytometric analysis showed that the percentage of

CD115+/CD45+ and CCR2+ cells in BMDM was similar in WT and GRK2+/− mice

(Supplementary Figure 5).

I.t. administration of 15,000 WT BMDM to LysMGRK2 +/− mice promoted a more rapid

resolution of IL-1β hyperalgesia as compared to i.v. administration (Figs 4A vs 4D),

indicating that the transplanted WT macrophages are likely to act locally in the DRG or

spinal cord. We detected GFP+-BMDM in lumbar DRG after i.v. administration (Fig 4E).

However, we did not detect donor GFP+-BMDM in lumbar spinal cord.

To determine whether the lack of effect of transplanted GRK2-deficient BMDM was due to

a migration defect rather than a functional deficit, we administered GRK2+/− BMDM i.t.

This administration of GRK2+/− BMDM did not promote resolution of IL-1β hyperalgesia in

LysM-GRK2+/− mice (Fig 4D). However, both WT and GRK2+/− BMDM were present in

the DRG at 24 hours after i.t. administration (Supplementary Figure 6), indicating that

GRK2-deficient BMDM do migrate to the DRG normally. We only detected infiltration of

i.t. injected BMDM into DRG after intraplantar IL-1β and not in naive mice (data not

shown). The data in Fig 4F show that i.v. administration of WT BMDM at 24 hours after

intraplantar IL-1β also reduces already persistent hyperalgesia in LysM-GRK2+/− mice.

Transfer of GRK2+/− BMDM at 24 hours after IL-1β increased hyperalgesia at 3 and 18

hours after transfer (Fig 4F).

Role of IL-10 in the Regulation of IL-1β-Induced Hyperalgesia in LysM-GRK2+/− Mice

In WT mice, IL-10 is crucial for resolution of transient inflammatory hyperalgesia (Fig 3).

Therefore, we tested the capacity of GRK2+/− macrophages to produce IL-10. Both the level

of IL-10 mRNA and the amount of IL-10 secreted were significantly lower in LPS-

stimulated cultures of GRK2+/− compared to WT macrophages (Figs 5A and 5B).

Conversely, GRK2+/− macrophages released higher levels of the proinflammatory cytokines

TNF-α and IL-1β (Fig 5C) after stimulation with LPS.31

In line with these in vitro observations, our in vivo study shows that i.t. IL-10 injection at 6

hours after intraplantar IL-1β transiently reduced IL-1β hyperalgesia in LysM-GRK2+/−

mice without having any effect in WT mice (Fig 6A). This transient effect of IL-10 is likely

due to the reported short half-life of IL-10.23 Conversely, i.t. anti-IL-10 did not have any

effect on IL-1β-induced hyperalgesia in LysM-GRK2+/− mice (Supplementary Figure 7),

whereas anti-IL-10 treatment delayed resolution of inflammatory hyperalgesia in WT mice

(Figs 3A and 3B).
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Finally, we determined whether IL-10 production by transferred BMDM is required to

normalize the prolonged hyperalgesic response in LysM-GRK2+/− mice. The data in Fig 6B

show that transfer of IL-10−/− BMDM into LysM-GRK2+/− mice did not prevent the

transition to persistent hyperalgesia induced by IL-1β, whereas transfer of the same number

of WT BMDM completely prevented the transition to persistent hyperalgesia in LysM-

GRK2+/− mice (Fig 4A). These results indicate that IL-10-producing BMDM promote

resolution of transient inflammatory hyperalgesia.

We previously reported that the persistent IL-1βinduced hyperalgesia in LysM-GRK2+/−

mice is associated with a proinflammatory M1 microglia/macrophage phenotype in the

spinal cord.43 Here we show that transfer of WT, but not of IL-10−/−, monocytes reduces

expression of the M1 marker CD16/32 in the spinal cord of intraplantar IL1β-treated LysM-

GRK2+/− mice (Figs 6C and 6D).

Discussion

Here we present a so far unrecognized and crucial role for IL-10-producing peripheral

monocytes/macrophages in the spontaneous resolution of transient inflammatory

hyperalgesia. Specifically, depletion of peripheral monocytes/macrophages in WT mice

causes transition from transient IL-1β- or carrageenan-induced hyperalgesia into persistent

hyperalgesia. Moreover, we show here that i.t. administration of anti-IL-10 also caused a

transition to persistent inflammatory hyperalgesia. The role of peripheral monocytes/

macrophages and IL-10 was further substantiated in our recently described mouse model in

which reduced GRK2 levels in LysM+ monocytes/macrophages (LysM-GRK2+/−) causes

transition to persistent hyperalgesia after a mild inflammatory stimulus. Adoptive transfer of

WT BMDM, but not of IL-10−/− BMDM, to LysM-GRK2+/− mice prevents and reverses the

persistent hyperalgesia that develops in these mice. Collectively, our findings identify a

crucial role for peripheral monocytes/macrophages with normal GRK2 levels, which

produce IL-10 in the DRG to promote resolution of IL-1β-induced hyperalgesia.

We are the first to show that peripheral monocytes/macrophages are required for the

spontaneous resolution of hyperalgesia in response to a transient inflammatory stimulus. We

demonstrate that anti- CCR2- or clodronate-mediated peripheral monocyte/macrophage

depletion prolongs hyperalgesia in response to 2 different transient peripheral inflammatory

stimuli (intraplantar IL-1β and carrageenan). Although both depletion strategies significantly

prolonged IL-1β induced hyperalgesia, the effect of anti-CCR2 was more pronounced than

that of clodronate liposomes. Interestingly, the Ly6C+(GR1+)CCR2+ monocytes/

macrophage subset that is depleted by the anti-CCR2 antibody is the subset known to

preferably infiltrate into tissues and to have increased expression levels of anti-inflammatory

cytokines like IL-10 and transforming growth factor beta.9,13,39 Therefore, we suggest that

the more pronounced effect of anti-CCR2 is due to the depletion of the anti-inflammatory

effect–producing Ly6C+CCR2+ subset of monocytes/macrophages as opposed to the more

general depletion of all monocytes/macrophages when using clodronate liposomes. An

alternative possibility would be that the depletion with clodronate liposomes is less efficient

or that repopulation is faster after depletion with clodronate liposomes than after depletion

with anti-CCR2. Overall, both data sets indicate that peripheral monocytes/macrophages are
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key to inflammatory hyperalgesia and thereby may contribute to preventing the transition to

persistent pain.

The few earlier studies that used depletion strategies to determine the contribution of

peripheral monocytes/macrophages reported controversial results. Rutkowski et al described

that persistent nerve injury–induced mechanical allodynia was not altered by a single i.v.

injection with clodronate liposomes prior to the induction of nerve injury.33 In contrast, Liu

et al showed that i.v. injections of clodronate liposomes immediately after nerve injury and 2

days later alleviated ongoing nerve injury–induced allodynia and reduced the number of

macrophages in the injured nerve.17 Development of diabetic neuropathy was delayed after

macrophage depletion by repeated i.v. injections with clodronate liposomes.22 In contrast,

persistent hyperalgesia after intraplantar injection with Freund’s adjuvant was not affected

by clodronate liposome–mediated monocyte/macrophage depletion locally in the hindpaw.1

It should be noted that in all studies described above, the role of monocytes/macrophages in

models of chronic pain was investigated, because these studies aimed at testing the

hypothesis that monocytes/macrophages contribute to the generation or maintenance of

chronic pain. This is in sharp contrast to our present study, in which we tested the hypothesis

that monocytes/macrophages contribute to the resolution of pain and therefore employed a

model of transient inflammatory hyperalgesia. The results of our study indicate that in the

context of transient hyperalgesia induced by a single injection of a mild inflammatory

stimulus such as IL-1β or carrageenan, systemic monocyte/macrophage depletion markedly

prolongs hyperalgesia. We therefore suggest that monocytes/macrophages originating in the

periphery are key to the resolution of transient hyperalgesia through regulation at the level

of the DRG. In previous studies, we already showed that there is no increase in the

expression of CX3CR1 mRNA or Iba-1+ cells in the paw of WT and LysM-GRK2+/− mice

after intraplantar IL-1β.42 Moreover, we show here that there was no decrease in CX3CR1

expression in the paw after CCR2-treatment. These observations further support our

hypothesis that the monocytes/macrophages regulate resolution of the pain response at the

level of the DRG and/or spinal cord, and not via an effect in the paw.

In search for the pathway via which peripheral monocytes/macrophages promote resolution

of transient inflammatory hyperalgesia, we focused on the antiinflammatory cytokine IL-10.

Our data show that i.t. injection of anti-IL-10 in WT mice prolongs the duration of IL-1β and

carrageenan hyperalgesia. In addition, local anti-IL-10 treatment in the paw did not

influence IL-1-induced hyperalgesia, indicating that IL-10 signaling in the spinal cord or

DRG is required for spontaneous resolution of hyperalgesia in these models of acute

inflammatory pain. It has been shown before that i.t. treatment with IL-10 or local

overexpression of IL-10 alleviates hyperalgesia in mouse and rat models of neuropathic

pain.24 However, until now it was not known that IL-10 signaling, likely downstream of

IL-10 production by peripheral monocytes/macrophages, is required for the spontaneous

resolution of hyperalgesia in response to a short-lasting peripheral inflammatory stimulus.

We reported earlier that the transition from acute to persistent IL-1β-hyperalgesia in LysM-

GRK2+/− mice is associated with persistent microglia/macrophage activation in the spinal

cord with an M1 or proinflammatory phenotype. In addition, after intraplantar IL-1β

injection, microglia/macrophages isolated from the spinal cord of LysM-GRK2+/− mice
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express significantly more proinflammatory (M1) cytokines and less anti-inflammatory

(M2) cytokines compared to cells from WT mice.43 Here we show that in vitro, GRK2-

deficient monocytes/macrophages produce less of the anti-inflammatory M2-type cytokine

IL-10 and increased levels of the proinflammatory M1-type cytokines IL-1β and TNF-α.

Moreover, we show that transfer of WT, but not IL-10-deficient, BMDM promotes

resolution of hyperalgesia and reduces the expression of CD16/32, a marker of

proinflammatory M1 microglia/macrophage polarization in LysM-GRK2+/− spinal cord.

Collectively these findings indicate that the transition from acute to persistent hyperalgesia

in LysM-GRK2+/− mice is caused by reduced capacity of GRK2-deficient peripheral

macrophages to produce IL-10, which inhibits the M1-type spinal cord microglia/

macrophage activity.

Transfer of GRK2-deficient BMDM to LysM-GRK2+/− mice transiently increased

hyperalgesia, indicating that a further increase in the number of peripheral blood monocytes

per se does not attenuate hyperalgesia. These findings further support the hypothesis that the

cytokine profile of peripheral monocytes/macrophages determines whether these cells are

capable of inhibiting the pain response.

In our previous studies, we showed that GRK2 levels of primary microglia cultures from

LysM-GRK2+/− mice were reduced by approximately 50% compared to WT microglia.29,42

However, in the present study, we show that the level of GRK2 protein or mRNA in freshly

isolated naive microglia or in microglia isolated from the spinal cord of LysM-GRK2+/−

mice at 24 hours after intraplantar IL-1β was not different from the level of GRK2 protein or

mRNA in WT microglia. This finding is in line with the notion that the LysM promoter is

not active in naive freshly isolated microglia but becomes active in these cells after in vitro

stimulation.2,21 The fact that GRK2 is reduced in macrophages, but not in microglia, from

naive LysM-GRK2+/− mice or from LysM-GRK2+/− mice after intraplantar IL-1β further

supports the hypothesis that the peripheral monocytes/macrophage components are key for

regulating the transition from acute to persistent pain.

Our current findings that IL-10-producing BMDM suppress spinal cord inflammatory

activity and promote resolution of transient inflammatory hyperalgesia are reminiscent of

earlier findings regarding the contribution of BMDM to injury and repair of the damaged

spinal cord. In a model of spinal cord injury, Shechter et al demonstrated that peripheral

monocytes infiltrate into the damaged central nervous system to regulate recovery. They

also showed that adoptive transfer of WT BMDM, but not of IL-10-deficient BMDM,

promoted recovery from spinal cord injury.36 The model of spinal cord injury is associated

with damage to the blood-brain barrier, which will facilitate the infiltration of BMDM into

the spinal cord. Notably, it is unlikely that the blood-brain barrier is damaged or more

permeable in response to a single intraplantar injection of IL-1β. Yet, i.v. adoptive transfer

of monocytes promotes resolution of hyperalgesia, and this effect can be mimicked by i.t.

delivery of a much lower number of BMDM. However, even though the transfer of BMDM

reduced the expression of proinflammatory microglia marker CD16/32 in the spinal cord, we

did not detect infiltration of donor BMDM into the spinal cord, but only in the DRGs. Based

on these results, we propose that the control of resolution of hyperalgesia by BMDM

involves IL-10 signaling in the DRG resulting in suppression of nociceptor sensitization and

Willemen et al. Page 10

J Pain. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



reduction of microglial activation in the spinal cord. However, we cannot exclude that other

differences between WT and IL10−/− BMDM, for example, in the capacity to produce

resolvins11,12 or other anti-inflammatory mediators, may contribute as well. In addition, we

cannot exclude that i.v. WT BMDM promotes resolution of hyperalgesia via an effect of

transferred cells on the peripheral nerve.

Earlier studies have shown that chronic constriction injury in rats leads to a decrease in

IL-10 protein in the DRG.15 In addition, overexpression of IL-10 in the spinal cord

alleviates chronic hyperalgesia in models of chronic neuropathic pain.25,26 Successful

treatment of neuropathic pain in rats is associated with an increase in IL-10 in the spinal

cord.41 In line with these observations in animal models, an inverse correlation between pain

intensity and plasma IL-10 has been reported in patients with chronic pain receiving opioid

therapy. Moreover, plasma IL-10 levels were 2-fold higher in patients with painless

compared to painful neuropathy.46 It remains to be determined whether a decrease in IL-10

production in patients with chronic pain is associated with reduced expression of GRK2 in

peripheral monocytes/macrophages. Notably, we showed earlier that the painful

autoimmune diseases rheumatoid arthritis and multiple sclerosis are associated with a

decrease in the level of GRK2 in peripheral blood mononuclear cells as compared to healthy

individuals. 18,38 Moreover, analysis of cytokine profiles in these patients showed increased

proinflammatory cytokines such as TNF-α and decreased levels of antiinflammatory

cytokines such as IL-10 and transforming growth factor beta.4,28,44

In conclusion, we propose that IL-10-producing peripheral monocytes/macrophages are key

to the resolution of transient hyperalgesia and thereby may contribute to preventing the

transition from acute to persistent inflammatory pain. We also propose that GRK2

deficiency in peripheral monocytes/macrophages is sufficient to promote transition from

acute to persistent pain because of the reduced capacity of these cells to produce IL-10.

Future studies should elucidate whether low GRK2 expression and/or impaired IL-10

production by peripheral monocytes/macrophages represent biomarkers for the risk of

developing persistent pain after inflammation.
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Figure 1.
Effect of monocyte/macrophage depletion on the duration of IL-1β-induced hyperalgesia.

(A) Thermal sensitivity was assessed over time after intraplantar injection of 1 ng IL-1β. To

deplete monocytes/macrophages, mice received intraperitoneal injections of 20 μg anti-

CCR2 antibody (MC21) or control IgG at 24 hours and .5 hours before as well as 10 hours

after intraplantar IL-1β (n = 4 per group). (B) Flow cytometric analysis shows successful

depletion of CD115+/CCR2+ monocytes in peritoneal cavity washes and peripheral blood at

24 hours after intraplantar IL-1β. (C) Mice received i.v. injections of 200 μL (7 mg/mL)

clodronate-liposomes or PBS-liposomes at 24 hours and .5 hours before intraplantar IL-1β

(n = 8 per group). Thermal sensitivity was followed over time after intraplantar injection of

IL-1β (1 ng). Data are expressed as mean ± SEM. *P < .05, **P < .01, ***P < .001.
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Figure 2.
Effect of peripheral monocyte/macrophage depletion on the duration of carrageenan-induced

hyperalgesia. Mice received intraperitoneal injections of 20 μg anti-CCR2 antibody (MC21)

or control IgG at 24 hours and .5 hours before as well as 24 hours after intraplantar injection

of 5 μL carrageenan (1% w/v), and (A) thermal sensitivity and (B) mechanical sensitivity

were determined (n = 4 per group). Four days after intraplantar carrageenan (C), iba-1

expression in the dorsal horn of the lumbar spinal cord was analyzed (D) IL-1β and

CX3CR1 mRNA was determined in paw biopsies after anti-CCR2 of IgG treatment (n = 8

per group). Data are expressed as mean ± SEM. *P < .05, **P < .01, ***P < .001.
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Figure 3.
Role of IL-10 in the regulation of IL-1β- and carrageenan-induced hyperalgesia. Mice

received i.t. injection( s) of 10 μg anti-IL-10 or control IgG (A) 15 minutes prior intraplantar

IL-1β or (B) 15 minutes prior and 24 hours and 48 hours after intraplantar carrageenan (n =

4 per group), and thermal sensitivity was followed over time. Data are expressed as mean ±

SEM. *P < .05, **P < .01, ***P < .001.
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Figure 4.
Adoptive transfer of WT BMDM prevents and treats persistent IL-1β-induced hyperalgesia

in LysM-GRK2+/− mice. (A–D) Thermal sensitivity was assessed over time after

intraplantar IL-1β. (A and B) LysM-GRK2+/− mice were injected i.v. with (A) WT BMDM

(3.5 − 106 cells per mouse; n = 10), or (B) GRK2+/− BMDM (3.5 − 106 cells per mouse; n =

8 or vehicle (n = 8) 10 minutes before intraplantar IL-1β. (C) WT mice received i.v.

WTBMDM(3.5−106 cells per mouse) or vehicle (n = 10 per group) 10 minutes before

intraplantar IL-1β. (D) LysM-GRK2+/− received WT or GRK2+/− BMDM (15,000 per

mouse) or vehicle i.t. (n = 6 per group) 10 minutes before intraplantar IL-1β. (E)
Representative pictures of DRG of LysM-GRK2+/− mice treated with vehicle or WT GFP-

BMDM (3.5 − 106 cells per mouse) 10 minutes before intraplantar IL-1β. DRG were

isolated 8 hours after intraplantar IL-1β administration and stained for GFP and CD45 to

identify transplanted cells. Scale bar indicates 40 μm. (F) WT or GRK2+/− BMDM (3.5 −

106 cells per mouse) or vehicle were administered i.v. 24 hours after intraplantar IL-1β, that

is, during already established persistent hyperalgesia in LysM-GRK2+/− mice. Thermal

sensitivity was assessed over time (n = 4–8). Data are expressed as mean ± SEM. **P < .01,

***P < .001 WT BMDM vs vehicle. #P < .05, ##P < .01 GRK2+/− BMDM vs vehicle.
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Figure 5.
IL-10 production by WT and GRK2+/− macrophages. (A) Freshly isolated WT and GRK2+/−

peritoneal macrophages were stimulated with 10 ng/mL LPS and after 18 hours

IL-10mRNAexpression was determined. (B)WT and GRK2+/− macrophages were

stimulated for 24 hours with different doses of LPS, and IL-10 protein content in supernatant

was determined. Data were normalized against the maximal response of WT macrophages

induced by 100 ng/mL LPS. (C) WT and GRK2+/− monocytes were stimulated with 10

ng/mL LPS for 24 hours, and IL-10 (100% represents 147 ± 10 pg/mL), TNF-α (100%

represents 732 ± 49 pg/mL), and IL-1β (100% represents 944 ± 138 pg/mL) protein content

in supernatant was determined (n = 4–8 per group). Data are expressed as mean ± SEM. **P

< .01, ***P < .001.
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Figure 6.
Role of IL-10 in the regulation of IL-1β-induced hyperalgesia. Thermal sensitivity was

determined over time after intraplantar IL-1β in LysM-GRK2+/− mice. (A) WT and LysM-

GRK2+/− mice received an i.t. injection of .5 μg recombinant IL-10 (n = 8) or vehicle (n = 4)

6 hours after intraplantar IL-1β. (B) IL10−/− BMDM or WT BMDM (3.5 − 106 cells per

mouse) were injected i.v. 10 minutes prior to intraplantar IL-1β in LysM-GRK2+/− mice (n =

6–8 per group). (C and D) Twenty-four hours after adoptive transfer of WT or IL-10−/−

BMDM, lumbar dorsal horn spinal cord sections were stained for the M1-type microglia/

macrophage activation marker CD16/32. (C) Quantification of the CD16/32

immunofluorescence (n = 4) and (D) representative sections of lumbar dorsal horn spinal

cord stained for CD16/CD32. Scale bar indicates 40 μm. All data are expressed as mean ±

SEM. *P < .05, ***P < .001.
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